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Microgrids  can  operate  in  parallel  with  the  grid  or  as  a  power-island.  They  are  thus,  expected  to  perform 
seamless  transition  from  islanded  to  parallel  operation  and  vice  versa.  This  paper  reviews  the  existing  DG 
interconnection  standards  for  microgrid  resynchronization,  investigates  possible  simple  solutions  for 
voltage  balancing,  and  shows  that  the  existing  synchrocheck  relay  with  a  circuit  breaker  is  sufficient  to 
reconnect  an  islanded,  highly  unbalanced  microgrid  back  to  the  utility  grid. 
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1.  Introduction 

Historically,  power  has  been  provided  by  centralized  generation 
via  transmission  lines  to  regional  distribution  substations. 
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With  the  deployment  of  clean  and  efficient  energy  sources  and 
smart  grid  technologies,  many  distributed  resources,  i.e.  distrib¬ 
uted  generators  (DG),  energy  storage  and  controllable  loads,  are 
now  connected  to  distribution  grids.  The  next  logical  progression 
is  to  allow  these  sources  to  provide  power  for  the  local  load  when 
the  traditional  grid  is  not  available  [1].  This  is  achieved  through 
microgrids.  A  microgrid  is  a  portion  of  an  electric  power  distribu¬ 
tion  system,  formed  by  distributed  generators  (DG),  energy  storage 
and  loads,  with  the  ability  of  operating  in  parallel  with  grid  or  as  a 
power  island.  Microgrid  is  an  attractive  structure  to  harness  the 
reliability  benefits  offered  by  DGs  [1-3  ,  and  it  has  been  a  subject 
well  researched  around  the  world  in  the  recent  past  [4].  The 
benefits  of  microgrids  were  well  recognized  after  the  super  storm 
Sandy  that  devastated  the  electricity  supply  across  a  number 
highly  populated  areas  in  the  North  America  [1  .  The  key  to  reap 
the  benefits  of  microgrids  is  in  the  ability  of  smoothly  change  from 
parallel  operation  to  autonomous  operation  and  vice  versa.  The 
newly  introduced  IEEE  STD  1547.4-2011  Guide  for  Design ,  Opera¬ 
tion,  and  Integration  of  Distributed  Resource  Island  Systems  with 
Electric  Power  Systems  [5],  addresses  the  issue  of  intentional 
islands,  which  was  missing  in  the  IEEE  STD  1547-2003  [6  for 
Interconnecting  Distributed  Resources  with  Electric  Power  Systems. 
The  IEEE  standards  on  interconnection  of  distributed  resources 
have  been  the  basis  for  interconnection  regulations  or  guidelines 
of  many  power  utilities  worldwide. 

Except  for  the  microgrids  in  isolated  areas,  microgrids  are  typically 
interconnected  to  the  traditional  grid.  When  the  traditional  grid 
supply  is  disrupted,  the  microgrid  becomes  an  autonomous  entity 
operating  in  islanded  mode.  The  microgrid  needs  to  be  reconnected  to 
the  traditional  grid  when  it  is  restored.  This  is  the  main  subject  that  is 
discussed  in  this  paper.  When  reconnecting  a  microgrid  operating  in 
the  islanded  mode  to  the  utility  grid,  voltage,  frequency  and  phase 
criteria  must  be  satisfied.  Synchronizing  a  microgrid  having  several 
generators  with  different  characteristics  is  more  challenging  than 
synchronizing  a  single  generator  with  the  grid.  In  [5],  three  methods 
of  synchronization  have  been  identified:  (i)  active  synchronization 
where  there  is  a  control  mechanism  to  match  the  voltage,  frequency, 
and  phase  angle  of  the  island  system  to  the  utility  grid,  (ii)  passive 
synchronization,  which  employs  a  synchronization  check  for  parallel¬ 


ing,  and  (iii)  open- transition  transfer  where  loads  and  DGs  in  the 
island  are  de-energized  before  reconnecting  to  the  grid. 

Active  synchronization  is  an  attractive  method,  especially  for 
converter  based  distributed  resources.  However,  active  methods 
have  special  infrastructure  requirements  such  as  dedicated  com¬ 
munication  facilities.  Open  transition  method  lowers  the  reliability 
benefits  as  it  requires  interruption  of  the  loads  before  reconnect¬ 
ing  the  microgrid  with  the  utility  grid.  Among  the  three  methods, 
passive  synchronization  is  a  simple  method  that  does  not  require 
special  control  mechanisms  or  temporary  interruption  of  loads. 
The  technology  of  synchrocheck  relays  used  for  passive  synchro¬ 
nization  is  well  established  and  therefore  it  is  attractive  for 
practical  application.  However,  there  is  lack  of  information  on 
any  limitations  that  may  encounter  in  applying  this  method  to 
practical  microgrids  which  may  have  poor  voltage  and  frequency 
control  capabilities.  Aim  of  this  paper  is  to  review  the  various 
methods  proposed  for  synchronization  of  microgrids,  and  explore 
the  performance  of  a  synchrocheck  relay  in  synchronizing  a  highly 
unbalanced  microgrid  whose  frequency  is  controlled  using  a 
synchronous  generator. 

2.  Review  on  microgrid  synchronization  and  voltage  balancing 

The  IEEE  STD  1547.4-2011  [5  has  a  brief  discussion  on  micro¬ 
grid  synchronization.  The  standard  recommends  that  in  order  to 
initiate  a  reconnection  of  an  islanded  microgrid  and  the  utility 
grid,  the  voltage  of  the  utility  grid  should  be  within  the  “Range  B  of 
ANSI/NEMA  C84.1-2006,  Table  1”  and  the  frequency  range  should 
be  between  59.3  Hz  and  60.5  Hz  (for  a  system  of  60  Hz  nominal 
frequency),  and  phase  rotation  must  be  correct.  Further,  the 
voltage,  frequency,  and  phase  angle  between  the  islanded  micro¬ 
grid  and  the  utility  grid  should  be  within  acceptable  limits 
specified  in  the  IEEE  STD  1547-2003  [6].  The  IEEE  STD  1547. 
4-2011  [5  recommends  ensuring  the  stability  of  the  utility  grid 
by  delaying  the  reconnection  of  the  islanded  microgrid  for  up  to 
five  minutes  after  the  steady-state  voltage  and  frequency  of  the 
utility  grid  are  restored  to  the  recommended  ranges.  Synchroni¬ 
zing  methods  as  categorized  in  6]  are  discussed  below  presenting 
the  relevant  literature  under  each  category. 


Table  1 

Summary  of  different  features  of  microgrid  synchronization  techniques  and  their  applications. 


Synchronization 

approach 

Approach  [4] 

Complexity  and  power 
reliability 

Economy 

Applications 

Examples 

Active 

There  is  an  inbuilt  control 
mechanism  to  match  the  voltage, 
frequency,  and  phase  angle  of  the  island 
system  to  the  utility  grid 

•  Complex  controlling 
techniques  involve 

•  Maintain  the  power 
reliability 

•  Comparatively  high 
capital  cost 

•  Depends  on  the 
Technique 

Mostly  applied  for  inverter 
based  systems,  but  can  be 
applied  in  hybrid  systems 

•  CERTS  microgrid 
Test-bed— United 
States  [27] 

•  Test  microgrid  at 
Akagi  of  the 
CRIEPI  -  Japan 
[28] 

•  Sendai  project  - 
Japan  [29] 

Passive 

Employs  a  synchronization  check 
for  paralleling 

•  Existing  simple 
synchronization 
technologies  can 
be  used 

•  Maintain  the  power 
reliability 

•  Lower  capital  cost 
compared  to  active 
synchronization 
methods 

For  synchronous  generator 
based  systems  or  hybrid 
systems  having  different 
types  of  generation 

•  Boston  Bar 
microgrid— BC 
Hydro,  Canada 

[30] 

Open-transition 

transfer 

Loads  and  DGs  in  the  island  are 
de-energized  before  reconnecting 
to  the  grid 

•  Simple 

•  Reduces  the  power 
reliability 

•  No  capital  cost 

•  Incurs  loss  of  revenue 
with  low  power 
reliability 

For  inverter  based, 
synchronous  generator 
based  or  hybrid  systems 

•  Boralex  planned 
islanding— Hydro 
Quebec  (HQ), 
Canada  [30] 
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2.1.  Active  synchronization 

In  active  synchronization,  a  control  mechanism  is  used  to 
match  the  voltage,  frequency,  and  phase  angle  of  the  islanded 
microgrid  to  the  utility  grid  before  initiating  the  reconnection. 
Active  synchronization  methodologies  require  sensing  of  the 
system  conditions  of  both  utility  and  islanded  microgrid  and 
communication  of  these  data  to  the  control  mechanism. 

Active  microgrid  synchronization  methods  are  discussed  in  [7-11]. 
Fig.  1  shows  a  schematic  diagram  to  illustrate  the  general  concept 
of  the  active  synchronization  applied  in  most  of  the  published 
literature. 

With  dispersed  generators  and  energy  storage  components  in 
the  microgrid,  an  active  synchronization  scheme  requires  a  central 
controller  and  a  communication  network.  Depending  on  the 
received  data  from  the  grid  side  and  the  microgrid  side  via  the 
intelligent  electronic  device,  the  central  controller  transmits 
appropriate  commands  to  controllable  power  sources  and  energy 
storage  devices  to  control  the  frequency  and  voltage  of  the 
microgrid.  Uncontrollable  devices  operate  normally  acting  as  a 
disturbance  in  maintaining  the  stable  voltage  and  frequency  of  the 
system.  The  intelligent  electronic  device  monitors  and  compares 
the  frequencies,  /;  voltage  magnitudes,  I VI  and  the  phase  angles 
difference  across  the  static  switch,  and  initiate  the  synchronization 
control  signal  once  the  synchronization  criteria  is  met. 

The  work  in  [7]  presents  an  active  synchronizing  control 
scheme,  which  involves  network-based  coordinated  control  of 
multiple  DGs.  A  pilot  microgrid  is  connected  to  the  utility  grid 
through  a  step-up  transformer  after  an  intelligent  electronic 
device  (IED)  and  a  static  transfer  switch  (STS)  that  control  the 
connection  between  two  systems.  The  IED  senses  the  three-phase 
voltages  of  each  side  and  calculates  the  magnitude,  frequency,  and 
phase  angles.  The  signals  of  both  sides  are  compared  and  the 
results  are  transmitted  to  the  microgrid  central  control.  When  the 
reconnection  to  the  utility  grid  is  required,  the  microgrid  central 
control  sends  a  permissive  command  to  the  IED.  The  pilot  micro¬ 
grid  consists  of  a  low-voltage  single  feeder  and  there  are  electrical 
loads,  controllable  energy  sources  (battery  energy  storage  system 
and  two  diesel  engines),  and  DGs  with  renewable  energy  sources 
(photovoltaic  generator  (PV)  and  a  wind  turbine  simulator).  This 


paper  claims  that  use  of  traditional  synchronizer  is  not  possible 
with  multiple  DGs,  however,  evidence  to  support  the  claim  has  not 
been  provided. 

A  prototype  static  switch  with  required  control  functions  for 
microgrid  resynchronization  implemented  on  a  digital  signal  pro¬ 
cessor  (DSP)  is  presented  [8].  This  static  switch  and  its  control  are 
specifically  designed  for  a  converter  based  DG.  Three  types  of  static 
switches  (circuit  breakers  (CB)-based,  silicon  controlled  rectifiers 
(SCR)-based,  and  insulated  gate  bipolar  transistors  (IGBT)-based) 
are  investigated  and  the  test  results  for  the  CB-based  switch  are 
presented.  However,  the  challenge  to  meet  the  cost  reduction 
objectives  with  static  switches  is  acknowledged  in  J8]. 

Similarly  a  static  switch  is  proposed  in  [9],  for  convertor  based 
DGs.  The  synchronization  is  achieved  by  satisfying  a  voltage  differ¬ 
ence  threshold  and  ensuring  that  the  current  flow  to  be  inbound 
from  the  utility  towards  the  microgrid.  A  transient  free  reconnection 
is  reported  with  static  switch,  even  when  the  frequency  and  phase 
angles  at  the  interconnection  point  are  not  matched. 

An  adaptive  notch  filtering  technique  for  synchronizing  con¬ 
verter  based  DGs  to  a  grid  system  is  proposed  in  10].  This  method 
eliminates  the  use  of  phase-locked-loop  (PLL).  According  to  10], 
the  algorithm  has  a  capability  of  frequency  adaption  and  can 
tolerate  unbalanced  system  conditions.  Therefore,  it  is  considered 
suitable  for  microgrid  applications.  However,  the  discussion  is 
limited  to  the  measurement  technique. 

Use  of  a  back-to-back  convertor  as  the  interconnection 
switch  is  studied  in  [11  .  The  microgrid  consists  of  converter  based 
DGs  only.  In  this  arrangement,  there  are  two  circuit  breakers 
beside  the  two  back-to-back  voltage  source  convertors  (VSC). 
Both  breakers  are  open  and  VSCs  are  blocked  simultaneously  at 
islanding.  In  resynchronizing,  the  circuit  breaker  in  the  grid 
side  is  closed  first  and  the  grid-side  VSC  is  de-blocked.  The 
microgrid  side  circuit  breaker  is  closed  and  the  microgrid-side 
VSC  is  de-blocked  only  when  the  capacitor  voltage  is  stabilized  to 
the  reference.  Control  function  is  done  using  flip-flops.  Since  this 
method  uses  full  rated  back-to-back  convertor,  it  would  also  be 
costly. 

An  active  microgid  synchronization  method  based  on  active 
power-speed  ( P-a> )  and  reactive  power- voltage  (Q-V)  droop 
controls,  and  frequency  and  voltage  restoration  controls  is 


Fig.  1.  Schematic  diagram  to  illustrate  active  synchronization. 
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proposed  in  [12].  The  proposed  grid  synchronization  method 
adjusts  the  Distributed  Energy  Resources  Controls  (DERC)  opera¬ 
tion  frequencies  and  phase  angles  through  the  frequency  restora¬ 
tion  of  the  P-co  droop  control.  DERCs'  output  voltage  magnitudes 
are  altered  through  the  voltage  restoration  of  Q-V  droop  control. 
Because  of  the  proportional  sharing  of  real  power  and  the  reactive 
power  there  are  negligible  transients  in  the  process  of  synchroni¬ 
zation.  The  methodology  is  validated  by  simulation  and  using  a 
pilot  microgrid  setup  having  converter  based  DG. 

A  three-level  hierarchical  control  for  AC  and  DC  microgrids 
having  convertor  based  DGs  is  proposed  in  13].  The  primary 
control  deals  with  the  inner  control  of  the  DG  units  to  control  their 
output  impedances  while  the  secondary  control  restores  the 
frequency  and  amplitude  deviations  produced  inside  the  micro¬ 
grid  providing  an  active  synchronization  technique.  The  tertiary 
control  regulates  the  power  flow  between  the  grid  and  the 
microgrid  at  the  point  of  interconnection. 

In  14],  a  control  algorithm  based  on  the  adaptation  of  a  dual 
second-order  generalized  integrator  based  on  a  frequency-locked 
loop  is  proposed  for  controlling  the  disconnection  and  resynchro¬ 
nization  of  convertor  based  microgrid.  Using  the  frequency  detec¬ 
tion  by  the  frequency-locked  loop,  the  synchronization  and  the 
current  and  voltage  control  loops  are  implemented  in  the  a-p 
stationary  reference  frame.  The  proposed  methodology  is  an  active 
synchronization  technique. 

Use  of  a  modified  voltage  based  droop  control  for  active 
synchronization  in  convertor  based  microgrids  is  presented  in  15]. 
The  voltage  at  the  point  of  interconnection  is  measured  and  commu¬ 
nicated  to  the  synchronizing  DG  unit  that  uses  a  phase-locked-loop 
to  obtain  the  rms  voltage  and  its  phase  angle.  A  sufficiently  large, 
dispatchable  DG  close  to  the  point  of  interconnection  is  selected  for 
the  synchronization  of  the  microgrid.  The  paper  proposes  to  modify 
the  voltage  based  droop  controller  of  the  synchronizing  unit  by 
including  an  rms  voltage  synchronization  block,  a  droop  limiting 
block  and  a  phase  synchronization  block.  The  voltage,  phase  angle 
and  frequency  of  the  synchronizing  DG  are  controlled  to  their 
respective  values  at  the  point  of  interconnection. 

A  methodology  based  on  phase  locked  loop  (PLL)  to  synchro¬ 
nize  the  phase  and  frequency  of  a  centralized  microgrid  with  the 
electrical  distribution  network  is  presented  in  [16  .  It  uses  three 
different  PLL  structures,  based  on  a  second-order  linear  and  time- 
invariant  observation  model,  which  provides  a  real-time  angle  and 
frequency  estimation  with  a  negligible  delay.  The  signal  synchro¬ 
nization  is  obtained  by  means  of  the  1  Pulse  Per  Second  (1  PPS) 
signal,  provided  by  any  GPS  devices,  in  order  to  generate  a 
common  timing  reference  for  each  Distributed  Energy  Resource 
Unit  connected  to  the  Microgrid. 


2.2.  Passive  synchronization 

Passive  synchronization  methodologies  also  require  sensing  of 
the  system  conditions  of  both  utility  and  the  islanded  microgrid  as 
they  employ  a  synchronization  check  in  the  microgrid  paralleling 
device.  The  synchronization  check  is  generally  achieved  using  a 
synchrocheck  relay. 

The  synchrocheck  relay  is  a  device  which  measures  the  magni¬ 
tude,  phase  angle  and  frequency  differences  between  the  voltages 
on  either  side  of  the  circuit  breaker.  The  relay  allows  the  circuit 
breaker  closing  only  if  the  measured  values  are  within  some 
preset  limits.  These  limits  are  set  based  on  the  synchronization 
requirements  given  in  [6,17]  for  DG  interconnection.  Generally,  the 
synchrocheck  relay  measures  the  line  voltage  taking  only  two 
phases  and  the  existing  synchrocheck  relays  utilizes  zero-crossing 
technique  to  find  the  phase  angles  [18,19  .  A  schematic  diagram  of 
the  synchrocheck  relay  is  given  in  Fig.  2.  Passive  synchronization 
techniques  may  take  longer  to  reconnect  than  the  active  synchro¬ 
nization  methods. 

The  synchronization  study  reported  in  [20]  is  a  passive  syn¬ 
chronization  approach.  Further,  it  has  considered  convertor  based 
DGs  as  well  as  synchronous  generators.  It  concludes  that  with  the 
use  of  PLLs  in  convertor  based  DGs,  resynchronization  is  not  an 
issue  if  phase  difference  across  the  interconnection  switch  is  small 
(less  than  10°)  when  there  are  only  convertor  based  DGs  in  the 
microgrid.  The  paper  [20]  further  states  that  with  the  synchronous 
generator,  even  a  small  phase  difference  existing  across  the 
interconnection  switch  during  reconnection  could  be  problematic, 
and  emphasizes  the  requirement  for  solutions  to  minimize  the 
phase  angle  difference  and  to  balance  the  voltages  to  facilitate 
smooth  transition. 

In  [21  a  synchronization  method  for  a  small  hydro  generation 
based  medium  voltage  microgrid  situated  in  Brazil,  is  proposed. 
Although,  some  elements  of  active  synchronization  such  as  com¬ 
munication  links  are  present,  this  methodology  is  basically  a 
passive  synchronization  technique.  Once  the  main  system  has 
been  restored,  the  operator  at  the  distribution  substation  sends  a 
command  to  close  the  circuit  breaker  and  to  the  DG  to  activate 
synchronization  control  system  through  a  dedicated  communica¬ 
tion  channel  connected  between  the  small  hydro  plant  and  the 
distribution  substation.  The  circuit  breaker  closing  is  activated 
only  if  the  minimum  parallelization  conditions  that  will  be  verified 
by  the  synchronism  check  relay  are  met.  Frequency  and  voltage  at 
both  sides  of  the  coupling  circuit  breaker  are  measured  and  sent  to 
the  distributed  generator  (DG)  unit.  Based  on  frequency  and 
voltage  mismatches,  the  synchronization  control  system,  located 
at  the  DG  site,  responds  with  additional  signals  to  the  speed  and 
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voltage  regulators,  respectively.  The  automatic  voltage  regulator 
acts  to  change  the  field  voltage  and  reduce  the  voltage  error 
between  the  two  islands.  If  the  synchronization  mode  is  active,  the 
frequency  mismatch  is  used  as  an  additional  signal  to  the  turbine 
to  control  the  speed.  In  order  to  guarantee  the  possible  reconnec¬ 
tion,  a  small  frequency  error  is  intentionally  introduced. 

23.  Open- transition  transfer  synchronization 

The  open-transition  transfer  synchronization  method  merely 
de-energizes  the  loads  and  the  DGs  in  the  microgrid  before  recon¬ 
nection.  Although,  this  methodology  is  technically  sound  in  the 
utility  perspective,  it  reduces  the  level  of  reliability  of  the  system. 

2.4.  Voltage  balancing  in  microgrids 

Since  many  single  phase  loads  are  connected  to  distribution 
grids,  voltages  unbalances  exist  in  practical  microgrids.  Unbalance 
voltages  can  pose  difficulties  in  achieving  the  synchronization 
criteria,  especially  with  respect  to  voltage  and  phase  angles  limits. 
When  a  sever  voltage  unbalance  exists,  aid  of  a  voltage  balancing 
scheme  may  be  required  to  perform  successful  synchronization. 
There  are  number  of  approaches  proposed  for  voltages  balancing 
in  microgrids  including  (i)  introduction  of  special  control  loops  to 
converter  based  DGs  and  energy  storage  units,  (ii)  using  reactive 
support  devices  such  as  SVC's  or  D-STATCOMs  with  appropriate 
control,  and  (iii)  use  of  simple  switched  capacitors. 

The  use  of  switched  capacitors  for  voltage  balancing  is  simple. 
Capacitors  are  switched-in  in  stages  if  the  phase  voltage  drops 
below  a  set  value,  generally  after  a  certain  time  delay.  The  time 
delays  for  each  stage  are  selected  inversely  proportional  to  the 
difference  between  the  nominal  voltage  and  the  threshold  voltage 
for  the  stage.  Sometimes,  capacitor  switching  is  blocked  if  the 
frequency  is  deviated  from  the  nominal  to  avoid  unnecessary 
switching  transients.  Application  of  switched  capacitors  for  vol¬ 
tage  balancing  in  a  microgrid  has  been  investigated  in  [20]. 

Voltage  balancing  in  converter  based  microgrids  having  single¬ 
phase  and  three-phase  loads  is  discussed  in  [22].  A  controller  for 
voltage  balancing  is  proposed.  The  controller  sets  the  d-axis  and 
g-axis  components  of  the  negative  sequence  current  to  regulate 
the  negative  sequence  component  of  the  collector  bus  voltage 
vector  to  zero,  achieving  the  balance. 

Use  of  linear-quadratic  regulator  for  voltage  control  in  convertor 
based  microgrids  is  discussed  in  [23  .  Based  on  the  measurements 
of  voltage  at  the  point  of  interconnection,  the  desired  grid  voltage  is 
tracked  by  using  a  linear-quadratic  regulator.  It  is  stated  that  the 
linear-quadratic  regulator  shows  good  tracking  performance  and 
has  low  parameter  sensitivity. 

In  [24],  a  droop  control  method  for  voltage  balancing  is  proposed. 
The  proposed  methodology  is  applicable  only  to  converter  based 
microgrids.  The  negative  sequence  voltage  references  are  drooped 
against  the  negative  sequence  output  currents.  Therefore,  voltage 
source  converters  in  parallel  compensate  for  the  voltage  imbalance 
and  jointly  share  the  negative  sequence  currents  in  proportion  to  a 
predetermined  ratio  regardless  of  the  plant  parameters. 

Use  of  D-STATCOM  for  voltage  balancing  is  discussed  in  [25].  The 
D-STATCOM  operates  as  a  conductance  at  the  fundamental  positive- 
frequency  to  restore  the  positive-sequence  voltage  to  the  nominal 
value  and  it  operates  as  a  separate  conductance  at  the  negative- 
sequence  frequency  to  suppress  the  negative-sequence  voltage  to 
an  allowable  level.  The  conductance  commands  are  dynamically 
tuned  according  to  voltage  fluctuation  at  the  installation  location,  so 
voltage  variation  could  be  reduced  in  response  to  load  change  and 
variable  renewable  energy. 

In  [26],  design  of  low  power,  prototype  model  of  a  Static  Var 
Compensator  (SVC)  for  voltage  regulation  in  microgrids  is 


presented.  The  SVC  is  designed  to  compensate  variations  of  the 
line  voltage  of  a  microgrid  in  a  range  of  ±  2%.  The  developed  SVC 
is  capable  of  operating  in  a  grid  with  a  rated  line  voltage  of  400  V. 

2.5.  Summary  of  review  on  synchronization  and  voltage  balancing 
in  microgrids 

Table  1  differentiates  each  synchronization  technique  on  com¬ 
plexity,  cost  and  applications.  A  detailed  literature  review  by  the 
authors  on  experimental  microgrids  [3]  presents  the  control 
technologies  adopted  in  implemented  microgrids  around  the 
world.  Some  of  the  literature  reviewed  in  [3]  reports  the  synchro¬ 
nization  technique  applied,  and  they  are  also  listed  in  Table  las 
examples  of  adopting  different  synchronization  techniques. 

Among  the  numerous  published  research  on  islanded  and 
parallel  operation  of  microgrids,  there  are  only  few  studies  which 
specifically  study  the  subject  of  microgrid  synchronization.  Most 
literature  among  them  are  focused  on  inverter  based  DGs  and 
there  is  lack  of  comprehensive  study  on  the  applicability  of  DG 
interconnection  standards  for  microgrid  synchronization  [5]. 
Table  1  show  that  active  synchronization  is  more  commonly 
applied  on  the  implemented  microgrids.  It  is  evident  from  litera¬ 
ture  that  active  synchronization  techniques  have  been  improved  to 
ensure  stable  transition  from  islanded  to  grid  connected  operation 
through  continuous  research  and  development  [7-11  .  Many 
microgrids  are  implemented  as  demonstration  projects,  and  they 
tend  to  implement  inverter  based  DGs  and  new  active  synchroni¬ 
zation  techniques  as  part  of  the  technology  demonstration. 
Although,  passive  synchronization  is  simpler  and  more  cost 
effective  in  comparison  to  active  synchronization,  there  is  general 
lack  of  published  experience  on  the  adequacy  or  any  potential 
issues  with  passive  synchronization  of  microgrids.  Literature 
survey  also  indicates  that  similar  to  the  work  on  synchronization 
of  microgrids,  most  of  the  research  on  voltage  balancing  of 
microgrids  is  focused  for  converter  based  systems.  Therefore,  rest 
of  this  paper  focuses  on  reporting  the  issues  and  challenges  of 
passive  synchronization  of  synchronous  generator  based  micro¬ 
grids  with  highly  unbalanced  loads  using  commercially  available 
synchrocheck  relays  [17  .  Simple  switched  capacitor  banks  are 
considered  for  voltage  balancing  at  the  point  of  interconnection  to 
support  the  synchronization  process. 

This  paper  considers  a  microgrid  with  a  synchronous  generator, 
an  induction  generator,  and  an  inverter  based  DG,  in  contrast  to 
[7-11,20,22-24  .  Using  time  domain  simulations,  the  paper  analyses 
the  impact  of  applying  existing  DG  synchronization  standards  [6], 
as  suggested  in  [5],  to  a  typical  medium  voltage  microgrid  with 
unbalanced  loading.  The  DG  interconnection  guidelines  of  a  local 
utility  is  [17]  also  considered. 

3.  The  microgrid  test  system 

The  test  network  shown  in  Fig.  3  is  a  medium  voltage  (MV) 
microgrid  derived  from  the  proposed  CIGRE  MV  benchmark  test 
system  [31  .  The  system  was  originally  developed  for  DG  inter¬ 
connection  studies  based  on  an  actual  power  system.  It  was 
augmented  with  the  features  necessary  for  microgrid  operation 
after  an  extensive  review  of  microgrid  research  [4]. 

To  emulate  a  generic  microgrid  [4],  three  different  sources  of 
DGs  were  integrated.  A  3  MW  steam  turbine  driven  synchronous 
generator  is  connected  to  bus-10,  a  1  MW  wind  turbine  driven 
fixed  speed  induction  generator  is  connected  to  bus-7  with  a 
0.5  MVar  of  capacitive  compensation,  and  a  0.35  MVA  DC  source 
(representing  a  photovoltaic  (PV)  system)  is  connected  to  bus-3  via 
a  VSC.  The  high  capacity  DG  (the  synchronous  generator)  was  used 
to  avoid  the  necessity  of  an  energy-storage  [4].  One  distinct 
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Ph-A 
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Ph-C 

1 

250 

100 

300 

0.9 

2 

300 

250 

200 

0.95 

3 

83.33 

500 

83.33 

0.9 

4 

200 

100 

100 

0.9 

5 

250 

400 

50 

0.95 

6 

50 

500 

100 

0.95 

7 

200 

400 

100 

0.95 

8 

100 

150 

200 

0.9 

9 

100 

150 

100 

0.95 

10 

50 

400 

50 

0.9 

11 

200 

750 

100 

0.95 

Table  2 

Standards  for  DG  synchronization  [17]. 


Total  generation 

(KVA) 

Frequency 
difference  (Hz) 

Voltage 
difference  (%) 

Phase  angle 
difference  (°) 

0-500 

0.3 

10 

20 

>  500-1500 

0.2 

5 

15 

>  1500 

0.1 

3 

10 

feature  of  this  test  network  is  that  the  loads  are  highly  unbalanced, 
with  Phase-b  having  the  greatest  load. 

Generally,  loads  are  evenly  distributed  on  all  three  phases  based 
on  the  nominal  ratings,  but  unbalanced  situations  can  occur  during 
the  operation  depending  on  the  actual  power  drawn  by  the  loads  at  a 
given  time.  All  loads  in  the  network  were  simulated  as  constant  R-L 
loads.  Part  of  the  loads  was  considered  as  controllable  [4].  Microgrid 
interconnection  relay  and  the  switched  capacitor  bank  are  connected 
at  the  point  of  interconnection  (POI).  In  order  to  meet  the  operational 
and  synchronization  requirements  during  the  islanded  operation, 
this  microgrid  is  equipped  with  an  automatic  load  shedding  scheme 
to  control  the  frequency,  and  an  automatic  capacitor  switching  scheme 
for  voltage  balancing.  The  two  switches  SI  and  S2  are  normally  kept 
open.  Simulation  studies  were  carried  out  using  PSCAD/EMTDC  power 
system  simulation  software  [32  . 


4.  Microgrid  frequency  and  voltage  control 

4.2.  Standards 

A  microgrid  should  maintain  the  power  quality  requirements 
during  both  parallel  and  islanded  operation.  The  guidelines  in  [5] 
refer  to  the  power  quality  limits  defined  in  the  DG  interconnection 
standards  [6].  In  this  paper,  guidelines  of  the  local  utility  outlined 
in,  “Technical  requirements  for  connecting  distributed  resources 
to  the  Manitoba  Hydro  distribution  system”  [17],  was  used  in 
studying  the  microgrid  control  and  synchronization  performance. 


Manitoba  Hydro  has  used  the  IEEE  STD  1547-2003  [6]  as  the  basis 
for  its  interconnection  guidelines. 

According  to  [17],  the  steady  state  voltage  operating  range  for 
distribution  systems  above  1  kV  is  +  6%,  and  the  normal  system 
frequency  range  is  ±  0.2  Hz.  The  voltage  unbalance,  as  defined  in 
(1),  is  expected  to  be  below  4%  in  urban  areas  under  normal 
operating  conditions  [17]. 

A  l/rT-1-.v 

Voltage  Unbalance  (%)  =  — - x  100  (1) 

v  avg 

In  (1 )  Vavg  is  the  average  of  the  three  phase  voltages  and  AVmax 
is  the  maximum  deviation  from  the  average  phase  voltage.  The 
specific  requirements  that  need  to  be  satisfied  in  reconnecting  a 
DG  to  the  system  are  shown  in  Table  2  [17].  The  guidelines  in  [17] 
specifically  states  that  the  DG  must  be  reconnected  only  after  the 
system  has  stabilized  and  the  RMS  voltage  has  returned  to  normal 
levels  for  a  minimum  of  5  min.  This  requirement  is  in  agreement 
with  [6].  The  standards  applied  for  DGs  rated  above  1500  kVA  are 
considered  applicable  to  the  microgrid  as  a  whole. 

4.2.  Microgrid  control  strategy 

An  agent  based  control  mechanism  was  considered  in  this 
study.  The  management  agent  is  responsible  for  operation  plan¬ 
ning,  load  shedding/restoration,  monitoring  and  microgrid  syn¬ 
chronization.  The  communication  agent  carries  the  status  of  each 
local  agent  to  and  from  the  management  agent.  The  operating 
point  of  each  DG  is  assigned  by  the  management  agent  as  part  of 
operational  planning.  Islanding  detection  is  a  responsibility  of  the 
generator  local  agents,  and  it  is  assumed  that  islanding  events  are 
detected  within  50  ms  using  a  fast  islanding  detection  method 
[4,33,34]. 

4.2.2.  Synchronous  generator  control 

The  steam  turbine  driven  synchronous  generator  emulates  a 
co-generation  plant.  Standard  synchronous  generator  and  steam 
turbine  models  available  in  PSCAD/EMTDC  are  used  with  typical 
parameter  values  obtained  from  [35  .  The  standard  IEEE  alternator 
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Fig.  5.  Block  diagram  of  wind  farm. 


supplied  rectifier  excitation  system  (AC1A)  is  used  for  voltage 
control  and  a  power  system  stabilizer  (PSS)  is  also  incorporated  to 
improve  the  system  damping.  An  electro-hydraulic  controlled 
governor  excluding  the  over  speed  control  is  used  for  frequency 
control  [35].  A  simple  block  diagram  of  the  system  is  shown  in 
Fig.  4. 

In  the  grid  connected  operation,  synchronous  generator  is  run 
as  a  constant  PV  generator,  and  it  is  in  droop  control  mode,  with 
5%  droop  and  with  typical  time  constants  [35  .  In  the  islanded 
mode,  the  synchronous  generator  is  run  as  an  isochronous  gen¬ 
erator.  In  this  mode,  the  droop  setting  is  made  nearly  equal  to  zero, 
effectively  changing  the  governor  to  constant  frequency  operation. 
The  output  power  of  the  synchronous  generator  will  change  to 
follow  the  variations  in  the  load  demand  while  maintaining 
constant  frequency. 

4.2.2.  Wind  turbine  control 

The  block  diagram  of  the  wind  generator  is  shown  in  Fig.  5.  The 
modeled  wind  turbine  drives  a  fixed  speed  induction  generator  and 
it  is  integrated  with  a  pitch  control  mechanism  to  control  the  output 
power.  A  0.5  MVar  capacitor  bank  is  connected  at  the  generator 
terminal  for  reactive  power  compensation.  The  initial  pitch  angle  (/?) 
is  found  as  suggested  in  [36]  by  calculating  the  power  coefficient  to 
give  0.6  MW  constant  power  output  at  a  wind  speed  of  12  m/s.  Thus, 
the  corresponding  initial  pitch  angle  is  14.2°. 

4.2.3.  VSC  with  PI  control 

The  DC  source  interconnected  via  a  VSC  represents  the  inter¬ 
face  of  a  solar  PV  system.  It  is  equipped  with  typical  VSC 
components  [37]  such  as  the  DC  capacitor,  and  an  extra  AC  phase 
reactor  (to  reduce  harmonics  in  AC  currents).  Considering  the 


highly  unbalanced  nature  of  the  microgrid,  the  VSC  system  is 
connected  to  one  of  the  stronger  buses  (closer  to  POI  and 
synchronous  generator).  Since  the  simple  decoupled  control  of 
VSC  is  not  possible  due  to  the  unbalanced  nature  [38],  direct 
control  of  VSC  is  used.  The  direct  control  involves  adjusting  the 
modulation  index  and  the  phase  angle  of  the  sine-wave  pulse 
width  modulator  (SPWM)  directly  according  to  the  parameters 
being  controlled  [37  .  A  phase  locked  loop  is  used  in  the  SPWM  for 
firing  control. 

The  VSC  is  allowed  to  regulate  the  bus  voltage  under  both 
parallel  and  islanded  operation  of  the  microgrid.  Its  real  power 
output  is  controlled  by  a  simple  PI  controller  that  adjusts  the 
phase  angle  of  the  SPWM  to  maintain  the  DC  bus  voltage  at  a 
reference  value.  Similarly,  a  PI  controller  is  designed  to  control  the 
voltage  after  the  interconnecting  transformer.  The  terminal  vol¬ 
tage  error  is  minimized  by  adjusting  the  modulation  index  of  the 
SPWM.  The  initial  parameters  of  the  PI  controllers  are  found  by 
trials  and  later  optimized  using  simplex  method  using  the  opti¬ 
mization  tools  available  in  PSCAD/EMTDC  [39  . 


4.2.4.  Load  shedding 

When  the  microgrid  is  islanded,  a  fast  load  shedding  scheme  is 
automatically  activated  to  restore  the  balance  between  the  load 
and  available  generation,  and  thereby  prevent  the  frequency 
collapse  [4  .  The  static  and  dynamic  under-frequency  load  shed¬ 
ding  are  the  two  most  widely  applied  concepts  [40-43  .  Although, 
dynamic  load  shedding,  which  determines  the  amount  of  load  to 
be  shed  at  each  stage  by  considering  the  magnitude  of  generation 
loss  and  available  load  on  each  feeder  [41  ]  is  conceptually  superior, 
static  load  shedding  schemes  are  more  common  in  practical  power 
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systems  due  to  its  simplicity  [40,42,43  .  Therefore,  a  static  load 
shedding  scheme  is  used  here. 

In  the  advanced  static  load  shedding  schemes,  both  frequency 
and  rate  of  change  of  frequency  (ROCOF)  is  fed  into  the  controller 
and  when  the  frequency  goes  below  a  preset  value,  and  if  the  rate 
of  change  of  frequency  is  more  than  a  pre-set  value,  the  controller 
initiates  a  signal  to  trip  the  loads  assigned  priority  1  (stage  1). 
If  the  frequency  goes  further  down,  the  next  stage  of  loads  will  be 
dropped  and  this  will  continue  until  the  frequency  stabilizes  to  its 
nominal  value.  Priorities  are  assigned  to  the  loads  at  the  design 
stage,  considering  their  relative  importance  and  the  normal 
loading.  However,  in  static  load  shedding,  the  real  load  behind 
the  breaker  or  how  much  load  has  to  be  shed  in  order  to 
reestablish  the  load  balance  is  generally  unknown  [40,41  . 

Designing  a  static  load  shedding  scheme  involves  four  main 
steps  [40]:  (i)  Calculation  of  total  load  to  be  shed,  (ii)  deciding  the 
number  of  load  shedding  stages  and  the  size  of  load  to  shed  at  each 
stage,  (iii)  setting  the  frequency  and  rate  of  change  of  frequency 
thresholds,  and  (iv)  setting  the  time  delays.  The  final  load  shedding 
scheme  designed  for  this  microgrid  is  shown  in  Fig.  6.  The  settings 
were  found  with  the  help  of  simulation  studies.  To  avoid  system 
collapse  due  to  slow  frequency  drifts,  time  delayed  back  up  relays, 
which  operates  regardless  of  the  initial  rate  of  change  of  frequency, 
are  provided  at  each  stage  of  the  load  shedding  scheme. 

4.2.5.  Switched  capacitor  bank  for  voltage  balancing 

One  aspect  studied  in  this  paper  is  the  use  of  switched  capacitors 
for  voltage  support/balancing  in  a  microgrid  with  unbalanced  loads. 


The  capacitor  bank  is  designed  based  on  commercially  available 
capacitor  units  considering  their  ratings  and  switching  logics  [44,45]. 

The  capacitor  bank  connected  at  the  POI  of  the  microgrid 
consists  of  three  parallel  units  and  single  pole  switching  is  used 
for  voltage  balancing.  Capacitors  are  switched-in  depending  on  the 
measured  phase  voltages;  i.e.  if  the  phase  voltage  drops  below  the 
set  value  for  duration  greater  than  a  specified  time  delay,  the 
appropriate  capacitor  is  connected  to  the  system  [44  .  In  order  to 
minimize  transients,  capacitor  switching  is  initiated  only  if  the 
frequency  is  within  ±  0.1  Hz  from  the  nominal.  Time  delays  for 
each  stage  are  selected  inversely  proportional  to  the  difference 
between  the  nominal  voltage  and  the  threshold  voltage  for  the 
stage.  Fig.  7  shows  the  arrangement  of  the  three-stage  voltage 
balancing  capacitor  bank  rated  at  150  kVar/phase/stage. 


5.  Analysis  of  passive  synchronization  through  simulations 

Simulation  studies  are  carried  out  with  the  assumption  that 
the  initial  operating  points  of  the  generators  are  already  set  by  the 
management  agent.  Therefore,  it  is  considered  that  the  power 
output  of  synchronous  generator,  VSC  based  source  and  the  wind 
turbine  are  at  0.9  pu,  1  pu  and  0.6  pu  respectively  at  the  time 
islanding  happens  for  all  the  simulations.  The  inertia  constant  of 
the  wind  turbine  generator  and  the  synchronous  generator  are 
0.5  s  and  3  s,  respectively. 

5.2.  Model  validation 
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Fig.  6.  Schematic  representation  of  the  designed  load  shedding  scheme. 


To  validate  the  accuracy  of  the  model,  microgrid  is  islanded  at 
t=  2  s  while  the  microgrid  is  operating  parallel  to  the  grid  at  its 
base  load.  The  variations  of  the  power,  frequency  and  the  voltage 
during  the  islanding  event  are  shown  in  Fig.  6.  When  the  micro¬ 
grid  is  islanded,  the  synchronous  generator  switches  to  isochro¬ 
nous  mode,  bringing  back  the  frequency  to  nominal  value.  The 
frequency  reference  is  set  to  1.00045  pu,  with  the  intension  of 
facilitating  resynchronization  when  the  utility  grid  is  restored.  VSC 
based  DC  current  source  is  still  operated  as  constant  PV  generator, 
while  the  wind  farm  is  run  as  a  constant  PQ  generator.  Since  there 
is  a  power  deficit  in  the  islanded  microgrid,  the  load  shedding 
scheme  should  be  activated.  The  switched  capacitor  bank  is 
intentionally  blocked  in  this  simulation.  The  power  imbalance  in 
the  microgrid  at  a  transition  is  defined  as  the  grid  power  being  lost 
as  a  percentage  of  the  total  power  consumption.  This  is  computed 
using  (2). 

Pimba,mCe  =  (Pcnd  +  Psyni+Pld+Pvsc)  X  1 00  ^ 

Fig.  8(a)  and  (b)  presents  the  active  and  reactive  power 
responses  of  each  source  for  the  islanding  event  corresponding 
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Fig.  7.  Switched  capacitor  bank  for  voltage  balancing  in  the  microgrid. 
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Fig.  8.  (a)  Active  power  (b)  reactive  power  (c)  frequency,  (d)  terminal  rms  voltage  at  the  Bus-6  to  an  islanding  of  at  t=2  s  (40%  power  imbalance). 


to  a  +40%  power  imbalance.  The  synchronous  generator  stabilizes 
the  frequency  after  islanding,  while  the  other  two  sources  operat¬ 
ing  as  constant  power  sources. 

The  frequency  response  of  the  microgrid  for  the  islanding  event 
is  shown  in  Fig.  8(c).  The  frequencies  at  which  the  loads  are  shed 
are  marked  by  horizontal  lines.  Load  shedding  scheme  undergoes 
all  four  stages  to  stabilize  the  frequency.  Islanded  operation 
satisfies  the  expected  frequency  standards  having  the  deviation 
within  0.1  Hz. 

Fig.  8(d)  presents  the  variation  of  terminal  voltages  of  Bus-6, 
which  is  the  weakest  (in  the  sense  that  furthest  from  the  POI  and 
no  DG  support).  In  the  parallel  operation  of  the  microgrid,  Phase-b 
shows  the  highest  voltage  deviation  from  the  nominal  and  it  is 
around  -4.9%,  and  the  maximum  voltage  unbalance  calculated 
using  (1)  is  2.7%  for  this  operating  condition.  It  confirms  that  the 
microgrid  parallel  operation  at  the  base  load  satisfies  the  fre¬ 
quency  and  voltage  standards  without  any  reactive  power  support 
from  the  capacitor  bank.  Phase-b  indicates  the  lowest  voltage 
levels  in  the  islanded  operation  as  well.  The  maximum  voltage 
deviation  in  islanded  operation  from  the  nominal  is  around 
-9.73%.  Thus,  it  is  higher  than  the  allowable  voltage  deviation 
( +  6%  maximum).  The  maximum  voltage  unbalance  observed  in 
the  islanded  operation  is  around  5.24%,  which  is  also  greater  than 
the  expected  standards  (4%). 

The  above  observations  confirms  that  the  modeled  microgrid 
test  system  performs  accurately  as  designed.  However,  voltage 
quality  of  the  microgrid  needs  to  be  improved  during  the  islanded 
operation  and  for  resynchronizing  the  microgrid  back  to  the  utility 
grid. 

5.2.  Role  of  switched  capacitor  banks  in  synchronization 

The  requirements  for  synchronization  of  a  DG  with  Manitoba 
Hydro's  grid,  outlined  in  Table  2,  are  applied  to  synchronization  of 
the  microgrid,  and  thus  the  synchrocheck  relay  settings  should  be 
as  indicated  on  the  logic  diagram  shown  in  Fig.  2.  The  nominal 


voltage  and  frequency  of  the  microgrid  at  POI  is  13.2  kV,  60  Hz. 
A  circuit  breaker  time  delay  of  83  ms  [45]  is  introduced  to  emulate 
the  practical  scenario. 

In  order  to  examine  the  effect  of  capacitors  on  voltage,  first  an 
islanding  event  is  simulated.  Just  before  the  islanding,  microgrid 
was  importing  40%  of  the  real  power  from  the  utility  grid  (+40% 
power  imbalance).  Fig.  9  shows  the  variations  of  phase  angle 
difference  across  the  breaker,  as  well  as  the  frequency,  and  line 
voltage  magnitudes  measured  on  either  side  of  the  circuit  breaker. 
Variations  are  shown  with  and  without  the  switched  capacitor 
bank  at  the  POI.  When  islanded  at  t=  5  s,  first  the  load  shedding 
scheme  is  activated  to  stabilize  the  frequency.  In  the  case  of 
microgrid  equipped  with  switched  capacitor  bank,  capacitors  are 
then  switched-in  according  to  the  set  logic  to  correct  the  voltage 
levels. 

Fig.  9  also  gives  the  highest  values  observed  in  the  phase  angle, 
frequency,  and  voltage  differences,  as  well  as  the  highest  voltage 
deviation  and  voltage  unbalance  observed  during  the  stable 
islanded  operation  under  both  scenarios.  It  is  clear  from  Fig.  9 
that  the  voltage  magnitude  difference  requirement  for  synchro¬ 
nizing  (AV  <  0.03  pu)  is  not  met  if  the  microgrid  is  operated 
without  the  switched  capacitor  bank.  Introduction  of  the  switched 
capacitor  bank  not  only  raised  the  voltage  to  a  value  that  meets  the 
synchronization  requirements,  but  also  reduced  the  maximum 
voltage  deviation  from  -  9.73%  to  -  4.74%,  and  the  voltage  unbalance 
from  5.24%  to  1.85%. 

Fig.  10  shows  the  simulation  results  for  reconnecting  the 
islanded  microgrid  back  to  the  utility.  Prior  to  the  reconnection, 
the  microgrid  operates  in  the  islanded  mode  as  result  of  an 
islanding  event  that  resulted  in  a  +40%  power  imbalance.  Thus, 
this  can  be  considered  as  reconnection  after  the  islanding  event 
shown  in  Fig.  9.  Fig.  9(a)  and  (b)  shows  the  grid  side  instantaneous 
current  and  the  power  outputs  of  all  the  sources,  respectively. 
Fig.  10  shows  these  results  for  three  scenarios:  Scenario  1— forced 
reconnection  of  the  microgrid  to  the  utility  grid  at  a  phase  angle 
deviation  of  20°  (A<£=20°)  without  the  switched  capacitor  bank, 
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Fig.  9.  (a)  Phase  angle  difference,  (b)  frequency,  (c)  Vab  beside  the  circuit  breaker,  (d)  summary  for  an  islanding  at  t=2  s  (40%  power  imbalance). 
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Table  3 

Voltage  regulation  with  switched  capacitors. 


Power 

imbalance 

Max  voltage  deviation 
-  (%)  at  bus-6 

Voltage  unbalance 

No  No 

With 

capacitors  m  capacitors 

(%)  capacitors  (A)  ^ 

With 

capacitors  (%) 

40 

-9.73  -4.74 

5.24 

1.85 

-7 

-9.50  -5.40 

5.95 

3.60 

Table  4 

System  conditions  at  the  time  of  reconnecting. 

Power 

Detail 

Forced  reconnect  without  capacitors 

With  capacitors 

imbalance 

(%) 

Scenario  1 

Scenario  2 

Scenario  3 

Reconnect  signal 

Reconnect  signal 

Connect  through 

at  A<£  =  20° 

at  A<t>=  10° 

synchro,  relay 

+40 

A  <Z> 

17.28° 

7.56° 

7.56° 

A/ 

0.08  Hz 

0.08  Hz 

0.07  Hz 

A  Vab 

0.035  pu 

0.032  pu 

0.02  pu 

-7 

A<£> 

18.36° 

9.72° 

9.72° 

A f 

0.06  Hz 

0.06  Hz 

0.05  Hz 

A  Vab 

0.045  pu 

0.04  pu 

0.005  pu 

Scenario  2— same  as  Scenario-1  but  A<£>=10°,  and  Scenario 
3— reconnection  using  synchrocheck  logic  in  Fig.  3  with  the 
support  of  switched  capacitors  to  meet  the  voltage  criteria.  Note 
that,  the  voltage  condition  for  synchronization  cannot  be  met 
without  the  capacitor  bank  support  (Fig.  9). 

Aforementioned  study  was  repeated  for  reconnecting  the  micro¬ 
grid  back  to  utility  after  an  islanding  event  that  created  a  -  7%  power 
imbalance  (microgrid  was  exporting  power  to  the  grid  before  the 
islanding  event).  In  this  case  also,  the  islanded  microgrid  was  not 
able  to  satisfy  the  voltage  standards  without  switched  capacitor 
support.  The  voltage  regulation  and  balancing  achieved  with  the 
support  of  switched  capacitors  at  POI  of  microgrid  is  summarized  in 
Table  3  for  microgrid  islanded  operation  at  both  +40%  and  -7% 
power  imbalances.  Table  3  shows  that  even  though  the  capacitor 
bank  is  connected  only  at  the  microgrid  POI,  the  weakest  Bus  (Bus-6) 
voltage  is  improved  by  nearly  5%  and  the  voltage  unbalance  in  the 
islanded  microgrid  is  reduced  by  nearly  3%. 

Despite  having  very  different  system  condition,  variations  of 
the  voltage  and  current  during  the  synchronization  at  -  7%  power 
imbalance  case  (not  shown)  is  very  similar  to  those  observed  in 
the  case  of  +40%  power  imbalance,  shown  in  Fig.  10.  Table  4 
summarizes  the  system  conditions  at  the  time  of  reconnecting  the 
microgrid  to  utility  grid,  for  the  six  cases. 

Table  4  shows  that,  the  voltage  criterion  for  synchronization 
cannot  be  satisfied  without  the  switched  capacitors.  If  the  micro¬ 
grid  is  forcefully  reconnected  to  the  utility  grid  with  a  signal 
initiated  at  a  phase  difference  of  20°,  (both  voltage  and  phase 
angle  criteria  are  violated)  current  transient  that  has  a  peak 
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Fig.  11.  (a)  Grid  Ph-bcurrent,  (b)  utility/DG  real  power  (c)  RMS  voltages  of  Bus-6  (+40%  power-imbalance,  AVt/T  =  0.05  pu,  A0t/I  =  lO°,  A/t/1  =  0.1  Hz). 
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magnitude  nearly  four  times  the  final  steady  state  current  is 
generated  (Fig.  10(a)).  The  transient  current  was  insignificant 
when  the  phase  difference  is  reduced  to  10°  (only  the  voltage 
criterion  is  violated).  Fig.  10  indicates  that  there  is  no  significant 
difference  in  the  observed  results  between  the  forceful  reconnec¬ 
tion  at  10°  phase  difference  and  the  reconnection  using  synchro¬ 
check  relay  (all  criteria  are  satisfied).  It  should  be  noted  that 
the  final  steady  state  current  from  the  utility  grid  is  reduced  in  the 
case  where  synchrocheck  relay  is  used  due  to  the  switching  of  the 
capacitors.  The  peak  transient  current  that  is  slightly  higher  than 
the  case  of  forceful  reconnection  at  10°  phase  difference  can  also 
be  attributed  to  the  capacitor  bank.  The  power  outputs  of  the 
synchronous  generator  and  the  utility  grid  undergo  few  oscilla¬ 
tions  before  reaching  their  respective  steady  state  values  (Fig.  10 
(b)).  However,  power  outputs  of  the  VSC  and  induction  generator 
do  not  show  significant  transient  variations  due  to  reconnection 
event  in  all  three  scenarios.  The  microgrid  starts  to  export  power 
to  the  utility  grid  after  resynchronization.  This  happens  due  to  the 
reduced  load  demand  in  the  system  with  the  load  shedding  in  the 
islanded  operation.  Load  restoration  can  be  done  once  the  system 
is  stabilized  (not  shown  in  Fig.  10). 

These  results  reveal  that  simple  switched  capacitor  bank 
arrangement  is  sufficient  to  improve  the  voltage  quality  in 
islanded  operation,  although  more  sophisticated  Var  support 
schemes  such  SVCs,  DSTATCOMS,  energy  storage  systems  or  new 
control  schemes  are  discussed  in  many  studies  [22-26].  The 
results  also  indicate  that  the  synchronization  criteria  applied  to 
individual  distributed  generators  are  satisfactory  for  microgrids  of 
equivalent  total  generation.  The  effect  of  synchrocheck  relay 
settings  in  applying  for  microgrid  reconnection  is  further  investi¬ 
gated  in  the  next  section. 


5.3.  Impact  of  synchrocheck  relay  settings 

So  far  the  settings  of  the  synchrocheck  relay  were  at  the 
maximum  allowed  limits  for  DG  interconnection  [17]  as  illustrated 


in  Fig.  10.  This  section  analyzes  the  impact  of  these  settings  on  the 
microgrid  synchronization  performance. 

The  current  frequency  difference  threshold  is  set  at  0.1  Hz, 
which  is  the  required  limit  for  DGs  greater  than  1.5  MW  capacity. 
This  is  also  the  steady  state  frequency  deviation  limit  for  distribu¬ 
tion  systems  [6  .  Therefore,  it  is  desirable  to  leave  the  frequency 
difference  threshold  of  synchrocheck  relay  at  0.1  Hz,  even  when 
applying  to  the  MV  microgrid  of  nearly  5  MW  capacity  considered 
in  this  study. 

As  observed  in  the  results  of  Fig.  12,  a  lower  phase  difference 
shows  a  reduction  in  magnitudes  of  the  current  and  power 
transients.  Thus,  it  is  desirable  to  set  the  phase  angle  difference 
threshold  at  the  lowest  possible  value.  The  lowest  possible  thresh¬ 
old  depends  on  the  circuit  breaker  time  delay  and  the  slip- 
frequency,  fs  (frequency  difference  between  the  microgrid  and 
utility  grid).  The  circuit  breaker  time  delay  considered  in  this  study 
is  83  ms  [45  .  If  A@th  is  the  phase  difference  threshold,  and  A tinsync 
is  the  time  duration  that  phase  angle  difference  is  within  the 
threshold,  the  relationship  between  fSi  (in  Hz),  A@th  (in  degrees) 
and  A tinsync  (in  s)  is  given  by  [27]: 

At  =  A0th  (3) 

mV™  180/s 

This  A tinSync  should  be  greater  than  the  circuit  breaker  time 
delay,  which  is  83  ms  to  ensure  the  microgrid  reconnection  within 
the  set  phase  angle  threshold.  If  A0th  is  10°  then  A tinsync  is  555  ms 
for  the  maximum  possible  slip  frequency  of  0.1  Hz.  Similarly,  if 
A0th  is  set  at  5°  then,  A tinsyncc  is  277  ms,  which  is  still  much  higher 
than  the  circuit  breaker  time  delay.  Therefore,  threshold  for  phase 
angle  difference  in  synchronizing  the  microgrid  can  be  brought 
down  to  5°  without  any  difficulty. 

The  threshold  of  voltage  difference  is  currently  set  at  0.03  pu 
with  a  time  delay  of  5  s  for  the  study.  This  time  delay  has  to  be 
maintained  to  avoid  spurious  switching  during  transients  (the 
standards  [6]  requires  this  waiting  time  to  be  5  min  long,  but  5  s 
delay  is  considered  here  to  limit  the  simulation  duration  to  a 
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Fig.  12.  (a)  Ipk(transient)  (b)  E0sciiiation  when  microgrid  is  resynchronized  to  utility  grid  after  islanding  resulting  in  +40%  and  -7%  power  imbalance. 
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reasonable  value).  According  to  the  distribution  system  standards, 
the  steady  state  voltage  magnitude  deviation  could  be  as  large  as 
+  6%  from  the  nominal  value  [17].  Thus,  the  steady  state  voltage 
magnitude  difference  between  the  utility  grid  and  microgrid  could 
be  larger  than  the  difference  specified  in  the  synchronization 
requirements.  In  the  microgrid  simulation  examples  considered 
in  Section  5.2,  while  in  the  islanded  mode  of  operation,  switched 
capacitors  were  applied  to  support  the  synchronization  function. 
The  capacitors  were  switched-in  to  meet  the  set  voltage  difference 
threshold  of  the  synchrocheck  relay.  However,  it  is  noticeable  from 
Fig.  10  that  the  transient  variations  of  the  current  (and  power) 
following  the  reconnection  in  Scenarios  2  and  3  are  not  much 
different.  (Since  A@th  was  10°  for  the  synchrocheck  relay,  the 
difference  between  the  two  scenarios  is  the  presence  of  the 
capacitor  bank.)  Therefore,  it  is  explored  whether  the  voltage 
difference  threshold  could  be  set  to  a  higher  value  without  undue 
effects.  Such  possibility  would  allow  reducing  the  number  of 
capacitor  stages  and  switching  operations. 

To  analyze  the  sensitivity  of  voltage  difference  threshold  (AVth), 
it  is  set  to  0.03  pu  and  0.05  pu  keeping  the  frequency  difference 
threshold  (A fth)  at  0.1  Hz.  Three  phase  angle  difference  thresholds 
(A@th  =  5°,  10°  and  20°)  are  considered.  The  capacitor  switching 
voltage  thresholds  are  adjusted  as  given  in  Table  5  so  that  the 
switching  of  the  last  set  of  capacitors  results  in  voltage  magnitudes 
that  are  just  sufficient  to  meet  the  considered  AVth  criteria 
(0.03  pu  or  0.05  pu). 

Fig.  11  presents  the  variation  of  phase-b  grid  current,  voltage  of 
the  weakest  bus  (Bus-6),  and  real  power  outputs  of  all  sources  for  an 
islanding  event  with  +40%  power  imbalance  and  synchronizing  it 
back  to  the  utility  grid  after  operating  in  the  islanded  mode  for  some 
duration.  The  results  are  shown  for  the  case  of  Afth=0A  Hz, 
A0th  =  \O°  and  AVth=0.05  pu. 

With  the  aim  of  studying  the  effect  of  A&th  and  AVth  settings  on 
smooth  transition  of  microgrid  from  the  islanded  to  parallel 
operation,  two  indicators  are  defined. 

1.  Peak  transient  current  (I Pk( transient))  is  the  peak  instantaneous 
transient  current  due  to  synchronizing  operation.  This  is  illu¬ 
strated  in  Fig.  11(a) 

2.  Oscillation  energy  ( Eoscuation )  defined  in  (4)  quantifies  the 
oscillations  in  the  utility  active  power  due  to  synchronizing 
operation. 


E 


Oscillation 


l^p/^max)!  x  f settle 


where  Ppk  is  the  peak  grid  power  observed  during  the  initial 
oscillations  following  the  synchronization,  and  Uettie  is  the  oscilla¬ 
tions  settling  time.  These  quantities  are  illustrated  in  Fig.  10(b). 

These  indicators  are  calculated  using  simulations  for  each  of 
the  cases  described  earlier  [Afth  =  0A  Hz,  AVth  =  0.03  pu,  0.05  pu, 
and  A0th  =  5° ,  10°,  20°].  The  microgrid  resynchronizing  after  two 
different  islanding  events,  resulting  in  -7%  and  +40%  power 
imbalances,  are  studied. 

Fig.  12(a)  presents  I pk(  transient)  under  different  scenarios  described 
previously.  It  shows  that  initial  current  transient  is  significantly 


Table  5 

Capacitor  switching  criteria  set  at  different  voltage  difference  thresholds  of  the 
synchrocheck  relay. 


Switches 

Time  delay  (s) 

Voltage  setting  for  capacitor  switching  (pu) 

AV+  =  0.03  pu 

AV+  =  0.05  pu 

Sla,  Sib,  Sic 

6 

0.985 

0.965 

S2a,  S2b,  S2c 

4 

0.980 

0.960 

S3a,  S3b,  S3c 

2 

0.975 

0.955 

large  if  A<2+1  =  20°.  Current  transient  is  reduced  with  the  lower 
setting  of  the  phase  angle  difference.  Therefore,  it  is  desirable  to  use 
a  5°  phase  angle  threshold  to  achieve  a  comparatively  low  initial 
current  transient  at  the  POI,  in  reconnecting  the  microgrid  back  to 
the  utility  grid.  At  both  power  imbalances  tested,  it  shows  that  there 
is  no  significant  difference  in  using  0.03  pu  or  0.05  pu  as  the  voltage 
threshold.  However,  if  AVth  =  0.03pu,  a  larger  capacitor  bank  is 
required  at  the  POI  to  raise  the  voltage  to  meet  the  more  strict 
voltage  criterion. 

Table  6  presents  the  total  reactive  power  supplied  at  the  POI  by 
the  switched  capacitors  for  the  two  cases  of  AUt/7  =  0.03  pu  and 
A\Zt/7  =  0.05  pu.  When  AVth  =  0.05  pu,  the  number  of  capacitor 
stages  that  need  to  be  switched  in  has  reduced.  As  a  result,  the 
current  index  values  drop  to  half  of  those  corresponding  to 
AV^h  =  0.03  pu.  It  should  be  noted  that  even  though  0.05  pu  voltage 
threshold  reduces  the  required  number  of  switched  capacitor 
stages,  the  steady  state  voltage  criteria  specified  in  the  standards 
[17]  are  not  violated.  For  the  -7%  power  imbalance  case  with 
AVth  =  0.05  pu,  the  maximum  voltage  deviation  observed  was 
-1.24%  and  the  voltage  unbalance  was  0.58%  in  the  islanded 
operation,  which  are  well  within  the  recommended  values  17]. 
These  observations  suggest  that  relaxing  the  AVth  setting  of  the 
synchrocheck  relay  to  0.05  pu  would  not  cause  any  power  quality 
problems  and  helps  in  reducing  the  initial  current  transients  at 
the  POI. 

Fig.  12(b)  presents  E0sciUation  values  corresponding  to  the  same 
conditions  as  in  Fig.  12(a).  Fig.  12(b)  shows  that  the  use  of 
A0th  =  20°  resulted  in  significantly  high  oscillation  energy  index 
values  (large  and  longer  oscillations  in  grid  power  after  synchro¬ 
nization).  Decreasing  the  phase  angle  threshold  from  10°  to  5° 
reduced  the  oscillation  energy  index  by  a  factor  of  three.  This 
observation  supported  the  previous  discussions  on  setting  the 
phase  angle  threshold  of  the  synchro-check  relay  at  the  POI  of 
microgrid  at  a  value  lower  than  the  maximum  permitted  under 
the  standards  [6].  Simulation  results  in  Fig.  12(b)  also  show  that  if 
the  phase  angle  threshold  is  set  below  10°,  the  E0sciiiation  values 
remain  nearly  unchanged  when  the  voltage  threshold  of  the 
synchrocheck  relay  is  increased  from  0.03  pu  to  0.05  pu,  for  both 
power  imbalances  simulated. 

The  total  generation  capacity  of  the  microgrid  test  system 
considered  in  this  paper  is  less  than  5  MW,  with  a  major  portion 
(3  MW)  coming  from  a  synchronous  generator.  Voltage  control 
and  balancing  during  the  islanded  operation  of  the  microgrid  is 
achieved  using  a  switched  capacitor  bank  with  automatic  control. 
The  simulation  results  presented  in  this  paper  suggest  that  for  a 
MV  microgrid  with  similar  characteristics,  the  maximum  voltage 
difference  criteria  for  synchronization  can  be  relaxed  to  0.05  pu 
without  undue  effects,  if  the  switchgear  at  the  POI  is  permits 
lowering  the  phase  angle  threshold  below  10°  (say  to  5°).  Relaxa¬ 
tion  of  the  voltage  threshold  criteria  helps  reducing  the  number  of 
capacitor  bank  stages  used  for  voltage  support  (and  balancing)  and 
thereby  lowering  the  capacitor  inrush  currents.  This  reduces  the 
magnitude  of  the  current  transient  observed  during  the  synchro¬ 
nization  and  ensures  a  seamless  transition  from  islanded  to 
parallel  operation  while  satisfying  the  steady  state  voltage  limits 
specified  in  standards  during  both  parallel  and  islanded  operation. 


Table  6 

Reactive  power  injection  at  POI  at  different  AV+. 


Case 

Total  reactive  power  injection  at  POI  (kVar) 

AVt/l  =  0.03  pu 

AV+  =  0.05  pu 

40%  Power  imbalance 

450 

150 

-  7%  Power  imbalance 

750 

600 

920 
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6.  Conclusions 

This  paper  reviewed  the  techniques  available  for  synchroniza¬ 
tion  of  islanded  microgrids  and  the  applicable  international 
standards  that  guide  the  synchronization  process.  The  literature 
review  revealed  that  most  practical  microgrids  with  inverter  based 
DGs  use  active  synchronization;  and  that  the  published  informa¬ 
tion  on  passive  synchronization  of  microgirds  with  more  than  one 
generator  is  limited.  The  process  of  passive  synchronization  with 
traditional  synchrocheck  relays  was  examined  in  detail  through  a 
simulated  microgrid  test  system  with  highly  unbalanced  loading 
and  different  types  of  generation.  The  paper  also  examined  the 
application  of  switched  capacitor  banks  for  voltage  balancing  in  an 
islanded  microgrid  for  achieving  the  voltage  magnitude  criteria  for 
synchronization.  The  findings  show  that  with  simple  switched 
capacitors  at  the  POI,  it  is  possible  to  meet  the  voltage  quality  of 
the  microgrid  and  synchronization  requirements  specified  in  the 
standards.  In  microgrid  synchronization,  the  major  factor  that 
determines  the  smooth  transition  was  the  phase  angle  difference 
between  the  utility  and  microgrid  voltages.  The  results  also  show 
that,  when  switched  capacitors  are  used  at  the  POI,  it  is  desirable 
to  relax  the  voltage  difference  threshold  of  the  synchrocheck  relay 
to  reduce  the  initial  current  transients  during  the  reconnection  of 
the  microgrid  to  the  utility  grid.  It  can  also  be  concluded  that  the 
traditional  synchrocheck  relays  are  quite  satisfactory  for  microgrid 
synchronization. 
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